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NASA TT F-1 1,674 

MECHANISM OF INTERACTION OF FAST DEUTERONS WITH NUCLEI 

V. S. Barashenkov, K. K. Gudima and V. D. Toneyev 

ABSTRACT. A method of calculation of inelastic colli- 
sions of deuterons with nuclei is suggested. The calcu- 
lation is made by the Montecarlo method, taking into 
account the Coulomb and diffraction-deuteron splittings. 
The results of calculations agree well with the exper- 
iment. 

1. Introduction 

In connection with the design of high current neutron generators, and 
also in connection with problems of radiation shielding of spacecraft2 , the 
problem of learning how to calculate inelastic interactions of nuclei with 
nuclei at high energies has become important in recent years. 

In many works, it has been shown that in the area of energies greater 
than a few tens of MeV, the interaction of nucleons and mesons with 
nuclei occurs primarily by development of an intranuclear cascade (see 
[3-81, where further bibliography is presented). It is extremely important 
to determine the extent to which this cascade mechanism is realized in the 
case of collisions of fast nuclei, when a very large number of interactions 
of the intranuclear nucleons occurs immediately. If this mechanism 

extremely effective method of calculating the interactions of nuclei with 
nuclei. 

actually does occur, the usage of the Montecarlo method would be an 
L /4 

It is natural to begin a study of the interaction of nuclei with the 
simplest case of deuteron-nuclear collisions, especially since the greatest 
quantity of experimental data is available for this case. 

The first such attempt was undertaken in work [8],  where the Monte- 
carlo method was used to investigate the interaction of deuterons with 

Numbers in the margin indicate pagination in the foreign text. 
For example, see [l, 21, which contain further bibliography. Although in 

relation to protons the nuclear component of cosmic rays is only a few 
percent, the radiation effect resulting from long term space flights is 
determined primari ly (about 80%) by this very component. 
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carbon a t  T4 = 280 MeV'. 

t h e  assumption of t h e  mechanism of in t r anuc lea r  cascade, although t h e  
inaccuracy of  the t h e o r e t i c a l  c l a c u l a t i o n  (only 80 runs were made through 
an extremely s i m p l i f i e d  model) and t h e  pauci ty  of experimental material 
a v a i l a b l e  a t  t h e  time made it impossible t o  produce more d e f i n i t e  conclu- 
s i o n s .  

The r e s u l t s  of t h e  c a l c u l a t i o n s  d i d  n o t  c o n t r a d i c t  

The usage of high speed e l e c t r o n i c  computers allows us a t  t h e  p re sen t  
time t o  c a l c u l a t e  cascades with t h e  miiiima? t h e o r e t i c a l  1imitat.ion-s; a l s o ,  
a cons ide rab le  q u a n t i t y  o f  experimental ma te r i a l  has been accumulated f o r  
va r ious  t a r g e t s .  A l l  o f  t h i s  makes it poss ib l e  t o  produce q u i t e  unambig- 
uous conclusions concerning t h e  n a t u r e  of t h e  i n e l a s t i c  deuteron-nuclear 
i n t e r a c t i o n s .  

2 .  Model and Calculat ion Method 

We w i l l  look upon t h e  deuteron as a weakly coupled "dumbbell" system 
c o n s i s t i n g  o f  a proton and a neutron, the d i s t a n c e  between which i s  f i x e d  
and equal  t o  t h e  mean "diameter" of  t h e  deuteron, D = 4.3t10-13 cm. 
d i r e c t i o n  of t h e  ax i s  of t h e  dumbbell i s  i s o t r o p i c a l l y  d i s t r i b u t e d  i n  
space,  b u t  s i n c e  t h e  o r b i t a l  moment of  the deuteron is  equal t o  zero,  i t s  
o r i e n t a t i o n  does not  change upon movement. 
momentum p; i n  o rde r  t o  e s t ima te  t h e  d i s t r i b u t i o n  of t h i s  momentum, we w i l l  
use  t h e  func t ion  

The 

The f ixed  nucleons have r e l a t i v e  

h d3p 

r e p r e s e n t i n g  t h e  square o f  t h e  Fourier  component of t h e  approximate wave 
func t ion  of  t h e  deuteron 

- r / D  
Y (r) = 1 e 

As c a l c u l a t i o n s  showed, t h e  d e t a i l s  o f  d i s t r i b u t i o n  W(F) have l i t t l e  
i n f l u e n c e  on t h e  r e s u l t s  of c a l c u l a t i o n s  presented below. 

For t h e  t a r g e t  n u c l e i ,  we w i l l  use a model of a degenerate Fermi-gas, 
which is u s u a l l y  used i n  c a l c u l a t i n g  nucleon-nuclear cascades. 
work, we w i l l  analyze t h e  s implest  model -- t he  nucleus with sharp boundary 

In t h i s  

Here and throughout t h e  fol lowing,  T4 i s  the k i n e t i c  energy o f  t h e  

oncoming deuteron i n  the laboratory coordinate system. 
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I 

( rad ius  R = 1.4(?A1/5?)1 
i n t e r a c t s  only with those  deuterons whose cen te r s  of g r a v i t y  pass  by t h e  
c e n t e r  of  t h e  t a r g e t  nucleus a t  a d i s t ance  of no g r e a t e r  than  R + D/2. 
Comparison with experiments of var ious  types allows us t o  determine t h e  
importance of  cons ide ra t ion  o f , d i f f u s i o n  of t h e  nuc lea r  boundary (we r e c a l l  
t h a t  i n  t h e  case  o f  nucleon-nuclear i n t e r a c t i o n s ,  t h i s  d i f f u s i o n  can be 
ignored [4-61). 

cm) and w i l l  cons ider  t h a t  t h e  nucleus 

Cases i n  which t h e  t a r g e t  nucleus i s  s t r u c k  by only one of  t h e  
nucleons i n  t h e  deuterium nucleus,  while t he  o the r  cont inues i t s  movement 
p r a c t i c a l l y  without changing i t s  momentum, relates t o  a s t r i p p i n g  r e a c t i o n ;  
t h i s  r e a c t i o n  w i l l  be considered a s  a p a r t i c u l a r  case of t h e  i n e l a s t i c  
deuteron-nuclear  i n t e r a c t i o n  and w e  w i l l  include i t s  con t r ibu t ion  i n  a l l  
t h e  c a l c u l a t i o n  r e s u l t s  presented below. 

However, it should be kept i n  mind t h a t  t h e  s t r i p p i n g  c ross  s e c t i o n  i n  
our  c a l c u l a t i o n s  should be somewhat low s ince ,  due t o  the  low binding 
energy of t he  deuteron,  i t s  s p l i t t i n g  can a l s o  occur a t  t h e  remote 
per iphery  of t h e  nucleus,  even though we a r e  ignoring d i f f u s i o n  o f  the  
nuc lea r  boundary2. 

I t  sometimes seems t h a t  t he  deuterium nucleon which s t r i k e s  t h e  - / 6  
nucleus (both nucleons o r  one as  occurs  i n  the  s t r i p p i n g  r eac t ion )  passes  
through t h e  nucleus without i n t e r a c t i n g ;  i n  t h e s e  cases ,  it i s  be l ieved  
t h a t  t h e  deuteron d id  not  i n t e r a c t  w i t h  t h e  nucleus. 

In  ou r  c a l c u l a t i o n s  we w i l l  consider  t h e  case  of e l a s t i c  s c a t t e r i n g  o f  
t h e  oncoming deuteron from the  i n t r a n u c l e a r  nucleons.  
such c o l l i s i o n s ,  we use  the  wel l  known experimental  c ros s  s e c t i o n  N - d 
f o r  t h e  i n t e r a c t i o n s .  

In  order  t o  c a l c u l a t e  

S ince  t h e  e l a s t i c  N - d i n t e r a c t i o n  c r o s s  s e c t i o n  decreases  r ap id ly  
with i n c r e a s i n g  energy, t h e  e l a s t i c  N - d s c a t t e r i n g  within t h e  nucleus has  
very l i t t l e  in f luence  on the  r e s u l t s  of t h e  c a l c u l a t i o n s .  

We w i l l  cons ider  t h a t  with i n e l a s t i c  N - d i n t e r a c t i o n s ,  i n t r a n u c l e a r  
c o l l i s i o n  ( i n  t h e  a r e a  of energ ies  on t h e  o rde r  o f  s eve ra l  hundred MeV, as 
we know, t h i s  is  an e l a s t i c  c o l l i s i o n )  occurs  f o r  only one of t h e  deuterium 
nucleons,  t he  o t h e r  nucleon r e t a i n i n g  i t s  momentum. The f u r t h e r  behavior  

T h e  form (?  ... ? )  w i l l  be  used throughout t o  represent  t h e  t r a n s l a t o r ' s  

A t  t h e  same time, i n  comparison with the  w e l l  known theory of  Serber [g ] ,  
g u e s s  i n  t h e  f requent  cases  where the copy is i l l e g i b l e .  

our  c a l c u l a t i o n  i s  more complete, s ince we au tomat ica l ly  consider  t h e  
p o s s i b i l i t y  of s t r i p p i n g  w i t h i n  t h e  nucleus ( w h e n  one of t he  deuteron 
nucleons passes through the  nucleus without i n t e r a c t i o n ) ,  and we have not 
u s e d  t h e  approximation P/2R g 1 .  

3 



of these  nucleons,  l i k e  t h e  behavior o f  nucleons e n t e r i n g  the  nucleus i n  t h e  
s t r i p p i n g  r eac t ion ,  must be analyzed within t h e  framework of  an o rd ina ry  
model of  an i n t r a n u c l e a r  cascade [4-61. 

In o rde r  t o  desc r ibe  t h e  c h a r a c t e r i s t i c s  o f  t h e  e l a s t i c  and i n e l a s t i c  
p-p and p - (? )  i n t e r a c t i o n s  within t h e  nucleus,  we w i l l  use  t h e  corresponding 
experimental d a t a .  

A l l  cascade c a l c u l a t i o n s  were perfarzed by t h e  Montecarlo method 
consider ing t h e  Pauley p r i n c i p l e  and r e l a t i v i s t i c ,  three-dimensional 
kinematics;  we a l s o  considered the  d i r e c t i o n  of t h e  a x i s  o f  t h e  oncoming 
deuteron (?and t h e  value?) of t h e  r e l a t i v e  momentum of  t h e  nucleon (?in?)  
deuteron p. The removal of  t h e  e x c i t a t i o n  of  t h e  nuc lea r  fragment formed 
a f t e r  t h e  fas t  cascade p a r t i c l e s  leave the t a r g e t  nucleus was c a l c u l a t e d  
within t h e  framework of t h e  ordinary evaporat ive model [ 7 ] .  The r e s u l t s  
presented below a r e  based on t h e  c a l c u l a t i o n  o f  approximately 2,000 runs 
f o r  each t a r g e t  nucleus and each value o f  energy T In some cases, f o r  

example i n  c a l c u l a t i n g  t h e  s p e c t r a  of p a r t i c l e s  a t  c e r t a i n  angles ,  over 

10 runs were calculated ' .  

d' 

4 

/ 7  
7 

In  a d d i t i o n  t o  t h e  processes l i s t e d  above, t h e  c ros s  s e c t i o n  of 
semielastic s c a t t e r i n g  makes a con t r ibu t ion  a l s o  t o  processes of Coulomb 
and d i f f r a c t i o n  s p l i t t i n g  of t h e  deuteron. 
deuteron i s  s p l i t  i n  t h i s  case may then s t r i k e  a nucleus and cause a 
n u c l e a r  r e a c t i o n  (one nucleon o r  both) o r  may pass  by the  nuc le i .  The 
f i rs t  case  p r a c t i c a l l y  does no t  d i f f e r  from i n e l a s t i c  deuteron-nuclear 
i n t e r a c t i o n s ,  which we descr ibed above. A s  concerns t h e  second case, t h e  

The free nucleons i n t o  which t h e  

c r o s s  

= 10- 

s e c t i o n  of t h e  Coulomb s p l i t t i n g  is very low (a /u = Coul Zn 
(?I (?x?) (?3?)%,  (?x?) equals  t he  nuclear  charge [ l o ,  111) and produces 

a n o t a b l e  con t r ibu t ion  only f o r  heavy nuc le i ;  t h e  c ros s  s e c t i o n  of  d i f f r a c -  
t i o n  s p l i t t i n g  on t h e  nucleus with sharp boundary can be  ca l cu la t ed  using 
t h e  formulas presented i n  review [ l l ] .  For heavy n u c l e i ,  it i s  approx- 
imately o f  t h e  same o rde r  of  magnitude as ucoul, while f o r  l i g h t  n u c l e i ,  i t  

i s  extremely small i n  comparison with the c ros s  s e c t i o n  of  i n e l a s t i c  i n t e r -  
a c t i o n s .  

With t h e  except ion of cases  when comparison i s  made t o  photoemulsion 
d a t a ,  t h e  c o n t r i b u t i o n  of t he  Coulomb and d i f f r a c t i o n  s p l i t t i n g s  thus  
c a l c u l a t e d  i s  included i n  a l l  t h e  c h a r a c t e r i s t i c s  o f  deuteron-nuclear 
i n t e r a c t i o n s  presented ( i n  experiments with photoemulsions, t h e  processes  
o f  s p l i t t i n g  are p r a c t i c a l l y  no t  recorded; s e e  below). 

The t i m e  required f o r  one run u s i n g  the M-20 computer averages 0 .7  sec.  

4 



3 .  Results o f  Calculat ion 

Table 1 shows t h e  c a l c u l a t e d  c ross  sec t ions  of  i n e l a s t i c  i n t e r a c t i o n s  
of t he  deuteron with var ious  n u c l e i ,  comparing them with the  corresponding 
experimental  q u a n t i t i e s .  The experiment and t h e  theory  a r e  q u i t e  c lose  t o  

each o the r ;  however, t he  average experimental  va lues  (except f o r  A 1  ) a r e  
sys t ema t i ca l ly  g r e a t e r  than t h e  ca lcu la ted  va lues .  

27 

As we w i l l  see  below, t h i s  divergence i s  apparent ly  r e i a t e d  p r imar i ly  
with t h e  p a r t i c l e s  which f l y  out  a t  small angles ,  and (?may occur?) due t o  
s t r i p p i n g  type  processes  and t h e  s p l i t t i n g  of t h e  deuteron a t  t he  remote 
per iphery of t h e  t a r g e t  nucleus,  t h e  c a l c u l a t i o n  of which r equ i r e s  a more 
d e t a i l e d  model. 

Tables 3 and 2 presen t  t he  d i s t r i b u t i o n s  o f  i n e l a s t i c  i n t e r a c t i o n s  by 
the  number of charged p a r t i c l e s  produced, while  Figure 1 shows t h e  mean 
number of neutrons emi t ted  as a func t ion  of t h e  mass number of t h e  t a r g e t  
nucleus.  The d a t a  of Table 2 cha rac t e r i ze  the  cascade (shower) s t a g e  of t h e  / 8  
deuteron-nuclear  i n t e r a c t i o n .  
a t i v e  s t a g e  as  wel l .  
agreement i s  observed between experimental and c a l c u l a t e d  va lues  f o r  both 
va lues  of t h e  d e n s i t y  parameter ( ? a t  t he  l e v e l ? )  of t h e  exc i ted  nuc lea r  

fragment (?) = 0.1  m 
t he  process  of evaporat ion.  
Figure 1 agree  l e s s  wel l .  

- 
Table 3 and Figure 1 consider  t he  evapor- 

In the  case  of charged p a r t i c l e s ,  f a i r l y  good 

(?) = 0.06 MeV-', gene ra l ly  used f o r  c a l c u l a t i o n  of  
The experimental  and t h e o r e t i c a l  da t a  on 

The reasons f o r  t h i s  divergence i n  d a t a  f o r  charged and n e u t r a l  
p a r t i c l e s  a r e  s t i l l  somewhat unc lear .  The divergence r e s u l t s  p a r t i a l l y  from 
d i f f e r e n c e s  i n  t h e  methods used i n  the  experiments performed [13-151. 
photoemulsion method used i n  works [13, 141 f o r  i n v e s t i g a t i o n  of charged 
p a r t i c l e s  decreases  t h e  con t r ibu t ion  of remote pe r iphe ra l  i n t e r a c t i o n s  i n  
which t h e  nucleus remains i n  the  weakly e x c i t e d  s t a t e ;  t hese  events  a r e  
extremely d i f f i c u l t  t o  record i n  t h e  photographic emulsion, and t h e  exper- 
imenta l  d a t a  agree b e t t e r  with t h e  cascade-evaporative model, which does not  
cons ider  s p l i t t i n g  of t h e  deuteron. On t h e  o t h e r  hand, t h e  method of  work 
[15] allowed a l l  secondary neutrons t o  be r e g i s t e r e d ,  inc luding  those  formed 
dur ing  p e r i p h e r a l  i n t e r a c t i o n s ,  where t h e i r  number i s  considerably lower 
than  t h a t  i n d i c a t e d  by t h e  cascade c a l c u l a t i o n s .  

The 

The f a c t  t h a t  t h e  divergences observed a c t u a l l y  do r e s u l t  t o  a 
cons ide rab le  e x t e n t  from pe r iphe ra l  i n t e r a c t i o n s  i s  confirmed by t h e  form 
of  t h e  angular  and momentum d i s t r i b u t i o n s  o f  secondary p a r t i c l e s .  
nucleons i n  i n e l a s t i c  c o l l i s i o n s  with l a rge  (?impact?) parameters f l y  out 
p r i m a r i l y  i n  t h e  low angular  a r e a ,  and it i s  i n  t h i s  very  a rea  t h a t  t h e  
c a l c u l a t e d  s p e c t r a  agree poorly with the experimental  curves (Figure 2 ) ;  
t h e  agreement becomes worse with decreasing angle. However, t h e  d i s t r i b u -  
t i o n s  produced i n  t h e  photoemulsion measurements agree wel l  with t h e  theory 
(Figures  3, 4 and Tables 4 ,  5 ) .  P a r t i c u l a r l y  i n d i c a t i v e  i n  t h i s  r e spec t  i s  
t h e  d i s t r i b u t i o n  shown on Figure 3c, r e l a t i n g  t o  fast p a r t i c l e s  emit ted a t  

The 



small angles 6 G lo', which agrees well with the theoretical data. 

Also, the usage of thick targets in turn may serve as a source of 
systematic errors related to the difficulty of calculating the results of 
these experiments per deuteron-nuclear interaction event. 

Considering these factors, we must admit that the agreement between the /9 - 
theoretical and experimental data is quite satisfactory. 

1 %  , 4. Conclusions 

Thus, the cascade mechanism determines the main portion of the 
inelastic deuteron-nuclear interactions. 
nucleons generated is characterized by a peak in the area T = T / 2 .  

particles driven out of the nucleus by the fast deuteron are strongly 
collimated in the direction of movement of the deuteron. 
heavier nuclei, the angular distribution of the fast nucleons is broadened, 
which is related to a large number of intranuclear interactions. 

The energy distribution of the 
The d 

Upon transition to 

In contrast to the interaction of nucleons with nuclei, in the case of 
deuteron-nuclear interactions the diffusion of the nuclear boundary is quite 

mean characteristics will agree with the experimental data; all quantities 
relating to the small angle area will be artificially reduced. 

I essential. If this diffusion is not taken into consideration, only the 

TABLE 1 

Nuc 1 eus 

~ 1 2 7  
53 Ca 

Ta ' 8' 
Pb207 

i 209 
$35 

CROSS SECTIONS OF INELASTIC DEUTERON-NUCLEAR 
u at Td = 180 Mev (in barns) Zn 

Theory 
B Experiment [12] A - -. 

I*& f c),e 
1.64 2 lLc2 

3,fS 2 [J,& 

3,hI U , W  

INTERACTIONS 

A -- cross section of cascade interactions calculated by Montecarlo method; 
B -- complete cross section of inelastic interactions in consideration of 
Coulomb and diffraction splitting (on nucleus with sharp boundary). 
Errors in theoretical values purely statistical. 



TABLE 2. DISTRIBUTION BY NUMBER OF FAST PROTONS (WITH ENERGY 
T > 50 MeV) I N  TRACES FORMED I N  PHOTOEMULSION BY 275 Mev 

P DEUTERONS (%) 

Number o f  Experiment [ 131 Theory 
p r o t o n s  

0 4 7 . Y 3 . 5  45.8* 3 . 4  
1 46.8-+3.5 50.3+ 3.6 
2 5.3k1.1 3 . 9 1 . 0  

TABLE 3. DISTRIBUTION BY NUMBER OF RAYS IN BURST TRACK FORMED 
BY DEUTERONS I N  PHOTOGRAPHIC EMULSION (%) 

Td = 220 Mev 

No. Exper- 
o f  i men t Theory1 

0 - 6.0+0.5 5.0k0.5 
1 12.8k9.9 22.421.0 21.021.1 
2 33.2k1.5 29.921.9 26.5k1.8 
3 22.0k1.2 23.821.5 22.221.1 

5 10.520.8 6.720.5 8.520.6 
6 3.0k0.5 2.1k0.3 3.7t0.4 

rays [ 1 4 ]  A B 

4 16.5k1.0 14.2k1.0 15.921.0 

7 2.0k0.4 0.620.1 1.5kO.2 
8 0 O . 3 k O . l  0.7k0.1 
9 - - - 

Expe r- 
iment 
[ I 3 1  

23.525.3 
2 1 . 2 5 . 0  
22.425.1 
16.5t4.4 
9.4k3.3 
4.722.3 
2 . 3 t l . 6  

0 
0 
0 

T = 275 Mev (?I 
d 

Theory 
A B 

10.420.7 7.450.6 
15.820.9 17.C+1 .O 
17.5+1 .O 23.451. 1 
22.511.1 18.0k1.0 

4.5k0.4 5.2k0.4 
1 3 0 . 2  1.6k0.2 
0.5t0.1 0.620.1 

0 0.350.1 

17.521.0 15.5k0.9 
10.0+_0.7 11.020.7 

Cases A and B c a l c u l a t e d  f o r  l e v e l  d e n s i t y  parameters (?) = 0.1 and 
- 1  ( ? )  = 0.05 Mev r e s p e c t i v e l y .  

I n  work [14 ] ,  events  i n  which o n l y  n e u t r a l  p a r t i c l e s  were formed were n o t  
taken i n t o  cons i dera t ion;  t h e r e f o r e ,  the t h e o r e t  i ca 1 d i s t r i b u t  ions were 
normal i z e d  f o r  the complete number o f  events recorded w i t h  (?)  > 0. 
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TABLE 4. WIDTH OF ANGULAR D I S T R I B U T I O N  OF NEUTRONS FORMED D U R I N G  
INTERACTION OF DEUTERONS WITH V A R I O U S  NUCLEI AT ENERGY Td = 190 MeV. 

Z = a tomic  number o f  t a r g e t  nucleus 

e(?1 /2?)  
Z Theory Exper i men t 

13 9,@1,5 9.3kO. 5 
73 1 1 . 9 1 . 5  1 1  .4*0.5 
82 11.6k1.5 1 1  3 0 . 5  

I 92 12.6k1.5 12. @O. 5 

= 180/(?)  The va lues presented here  correspond t o  1 i n e  8 

(0.155 + 0 . 0 0 0 6 ~ z ) ,  approx imat ing the exper imenta l  da ta  i n  work [171. 
(?  1 /2?)  
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F i g u r e  1 .  Mean Number of Neutrons Formed i n  
I n e l a s t i c  Deuteron-Nuclear I n t e r a c t i o n  a t  
Td = 180 MeV. A,  Mass number o f  t a r g e t  nucleus. 

Shaded area corresponds t o  va lues  c a l c u l a t e d  f o r  

parameters o f  l e v e l  d e n s i t i e s  0.1 Mev 

> (? )  2 0.08 MeV-’ (cons ider ing  Coulomb and 
d i f f r a c t i o n  s p l i t t i n g .  

- (? )  > 

The exper imenta l  p o i n t s  presented a r e  f rom 
workr.1[15], and r e l a t e  to  t h e  pr imary  beam o f  
deuterons w i t h  energy Td  = 180 MeV. 

due t o  the  i o n i z a t i o n  losses i n  the  t h i c k  t a r g e t  
used i n  work [16] ,  deuteron-nuclear  i n t e r a c t i o n s  

occur a t  T = 180 MeV. d 

However, 
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F i g u r e  2.  Energy Spectrum of  Protons Formed 
Upon I n t e r a c t i o n  o f  180 Mev Deuterons w i t h  
U 2 3 8  Nucleus. 
l a b o r a t o r y  system o f  coord ina tes .  Dot ted 
l i n e  -- r e s u l t s  o f  cascade c a l c u l a t i o n ;  the  
s o l i d  curve a d d i t i o n a l l y  cons iders  the  con- 
t r i b u t i o n  o f  t h e  processes o f  deuteron s p l i t -  
t i n g  i n  the  approximat ion w i t h  the  sharp U 2 3 8  
nucleus boundary. The shaded area shows the  

e r r o r  i n  the exper imenta l  da ta  [161. 

8 -- pro ton  emiss ion ang le  i n  
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F i g u r e  3. Energy Spectrum o f  Fast  
Protons Formed upon I n t e r a c t i o n  o f  
220 Mev Deuterons w i t h  Photoemul- 
s ion .  A, a l l  protons w i t h  energ ies  
T > 50 MeV; B ,  Protons w i t h  

T > 50 Mev emi t ted  a t  angles 

8 G 10". S o l i d  curve,  c a l c u l a t i o n  
fo r  average nucleus o f  photoemul- 
s i o n  Ca70; do t ted  l i n e ,  exper-  

P 

P 

imenta l  data from work [14 ] .  

1 2  
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F i g u r e  4. Angular D i s t r i b u t i o n  o f  Fast Pro- 
tons (T > 50 MeV) Formed upon Bombardment 

o f  Photoemulsion by Deuterons. S o l i d  
curves, c a l c u l a t i o n  f o r  average photo- 
emulsion nucleus Ca70; d o t t e d  1 ine,  exper- 

imental  data from works [13,  141. 

P 
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